Current existing dermal exposure assessment strategies are predominantly based on regulatory protocols. In order to develop effective and efficient strategies more data driven approaches are needed. In a recently developed conceptual model for dermal exposure, compartments, barriers and mass transport processes relevant for dermal exposure were described. We systematically applied this conceptual model to the rubber manufacturing industry to assess dermal exposure to cyclohexane soluble matter (CSM) and used quantitative data to design an exposure assessment strategy.
INTRODUCTION
Well-designed exposure assessment strategies comprise the selection of both appropriate sampling techniques and sampling strategies. For inhalable exposure such strategies have been developed over the years and are now commonly used in occupational and epidemiological studies to evaluate the exposure by inhalation (Rappaport, 1991; Rappaport et al., 1995; CEN, 1995) . For dermal exposure to chemicals Hemmen and Brouwer, 1995) . Furthermore, the sampling strategy design should be based on a recognition that exposures are likely to vary widely over time and between workers (Rappaport, 1991; Fenske, 1993) .
In a recently developed conceptual model for dermal exposure, compartments, barriers and mass transport processes relevant for dermal exposure were described (Schneider et al., 1999) . This simple model focussed on transport of contaminant mass from the source of the hazardous substance to the surface of the skin. It was argued that systematic application of such a structured model for selecting relevant dermal exposure parameters could form a basis for a dermal exposure assessment strategy. This, together with quantitative information regarding spatial distribution across the body and dermal exposure pathways could enable a more effective and efficient exposure assessment strategy as well as more efficient hazard control.
We studied dermal exposure to cyclohexane soluble matter (CSM) in the rubber manufacturing industry using this conceptual model. In the first survey, the conceptual model was used to identify compartments and exposure pathways involved in the process of skin contamination. As these parameters almost certainly vary for the different exposed body areas, parameters were assessed separately for different anatomical locations. In a second survey, exposure pathways that resulted in skin contamination of the lower wrist were further investigated and quantified.
MATERIAL AND METHODS
Identification and quantification of exposure pathways and body distribution of cyclohexane soluble matter (CSM) exposure in the rubber manufacturing industry was studied in two surveys. The first survey focussed on subjective assessment of the major exposure pathways and quantification of CSM exposure distribution across the body. The second survey focussed on the quantification of compartment mass and consequently the identification of the exposure pathways relevant to the exposure at the lower part of the wrist of the hand of preference.
Study population
The first survey was conducted in a mixing department of a rubber tire company including both production workers (n=5) and technical engineers (n=4). The second survey was part of a large industry-wide exposure survey of the rubber manufacturing industry in The Netherlands. In total 225 subjects employed in nine different companies were selected based on their production function (Vermeulen et al., 2000) .
Identification of exposure pathways
In the first survey, workers were observed three times a day for 15 min while executing their specific tasks. Based on the observations of workers' tasks the compartments (air, surface contaminant layer, outer and inner clothing contaminant layer) and mass transport processes (emission, deposition, transfer, redistribution) leading to transport of contaminant mass to the surface of the skin was qualitatively assessed for six skin regions: neck/jaw, shoulder, upper arm, wrist, groin and ankle (Fig. 1) .
In the second survey, CSM (surface) concentration in the relevant compartments (air, surface and skin) was quantified. Potential contact surfaces were identified based on interviews and observations of the workers while executing their specific tasks using the following criteria:
ț Wipe location should be a potential dermal contact site; ț Site is regularly and frequently involved in the handling of chemicals and/or rubber products; ț Wipe location is sufficiently large to accommodate a wipe of 100 cm 2 .
Surface contaminant layer Surface CSM contamination was determined by obtaining wipe samples of potential contact surfaces. Samples were taken by a modification of the OSHA wipe sampling procedure (Robbins, 1979) . In the modified procedure, a surface area of 10×10 cm of a potential contact surface was chosen as sampling region. The region was wiped three times consecutively with Clean cylce™ wet VDU wipes (Inmac) containing 70% water and 30% isopropyl alcohol. A consistent sampling area was maintained by use of a template. The same wipe pattern, applied with maximum operator pressure, was adhered throughout the experiment. Wipe pattern consisted of wiping once around the edge of the sampling region in an anti-clockwise direction and then wiping across the sampling area five times in parallel followed by nine consecutive circles. Repeated samples (n=3) were pooled and stored at Ϫ20°C before CSM analysis.
Air compartment
The air compartment was divided into two interlinked compartments e.g. near-field and far-field (Cherrie, 1999) . Airborne exposure measurements at fixed locations were used to quantify the far-field CSM exposure. Personal inhalable exposure measurements were used to estimate near-field CSM exposure. Ambient total suspended matter (TSPM) exposure was measured on random days by means of a high-volume sampler (ter Kuile, 1984) . On average two samples were collected per department within a company, which were consequently pooled for CSM analysis. Personal inhalable exposure was measured on three consecutive days by means of a PAS6 sampling head mounted near the breathing zone of the Dermal exposure pathways in rubber manufacturing worker (ter Kuile, 1984; Kenny et al., 1997) . Filters were stored at Ϫ20°C until CSM analysis.
Skin contaminant layer
Total dermal body exposure to CSM was measured by placing six exposure pad samplers on different spots of the skin of a worker: neck/jaw, shoulder, upper arm, wrist, groin and ankle ( Fig. 1) (van Rooij et al., 1993) . In the second survey, repeated personal dermal exposure to CSM was measured by means of a dermal pad sampler worn at the lower part of the wrist of the hand of preference on the same days as the personal inhalable exposure measurements. In both surveys, pad samplers consisted of 24 layers of cotton (3×3 cm) and were worn throughout the workday (Durham and Wolff, 1962; Kromhout et al., 1994) . Immediate after sampling pad samplers were removed and stored at Ϫ20°C until CSM analysis.
Cyclohexane soluble matter analysis
Cyclohexane soluble matter was determined by means of the NIOSH PCAM 217 method (NIOSH, 1977) . Dermal, surface, ambient and personal airborne particulate samples were placed in cyclohexane, respectively 10, 15, 15 and 3 ml and sonificated for 20 min. Eight ml (3 ml for the personal airborne particulate samples) of the suspension was filtered through a glassintertube G4 (Alihn) and collected in a pre-weighed 10 ml-vial. After evaporation of cylcohexane under nitrogen and subsequently 2 h drying at 40°C the residue was weighed by means of a microbalance. All samples were conditioned at least 24 h before weighing in a conditioned weighing room at a temperature of 20±2°C and 50±5% relative humidity.
Calculations and statistics
In both surveys dermal exposure surface concentrations (µg/cm 2 ) were transformed to an 8-h time weighted average exposure concentration (µg/cm 2 /8 h). In the first survey, total dermal body contamination (mg/8 h) was calculated by multiplying the CSM TWA surface concentration of the individual pad sampler with the anatomical dimensions described by Popendorf and Leffingwell (1982) . In the calculation it is assumed that each of the six pad samplers represent a skin region with a certain surface area (Table 1) .
In the second survey mean personal inhalable and dermal CSM TWA exposures were determined by calculating the averages of the repeated exposure measurements per person. Surface contamination was calculated by averaging the CSM contamination levels of relevant contact surfaces for each subject. In these calculations, every surface wipe sample was weighted equally regardless of the frequency and duration of contact with the particular surface. Mean ambient CSM concentrations were calculated based on the pooled TSPM samples according to the work areas the subject was employed in.
Pearson correlation coefficients were used to inves- van Rooij et al. (1993). tigate the relation between dermal exposure at individual skin regions and total dermal body exposure and to study the correlation between CSM contamination levels in different compartments acknowledged in the conceptual model described by Schneider et al. (1999) . In these analyses natural logarithms of the exposure values were used.
RESULTS

Identification of exposure pathways and body distribution (survey 1)
Relevant compartments and mass transport processes for skin contamination based on the task observations are presented in Table 2 . Identified compartments and transport processes were found to be almost identical for production workers and technical engineers, with the exception of the contribution of the inner clothing compartment to the skin contamination of the neck/jaw skin region of the technical Table 2 . Identification of compartments and mass transport processes involved in skin contamination of production workers and technical engineers of a mixing department in a rubber tyre company Compartments and corresponding processes are given in descending order of estimated importance per skin site As for the uncovered neck/jaw region, deposition of contaminants from the air, redistribution and transfer of contaminants from hands (skin contaminant layer) and outer clothing compartment were found to be relevant. For the wrists, direct contact with surfaces and consequently the transfer of contaminants from the surface to the skin contaminant layer was identified as the most relevant compartment and mass transport process, followed by direct contact with the source, deposition of contaminants from the air and transfer of contaminants from the inside of the gloves to the skin. Mean cyclohexane soluble matter (CSM) surface concentrations varied considerably across the body surface (range 12.6-113.5 µg/cm 2 /8h) ( Table 3) . Highest surface concentrations were found at the wrist of both production workers and technical engineers, respectively 113.5 and 108.7 µg/cm 2 /8 h. Overall lower CSM surface concentrations were found for the lower body compared to the upper body. Calculated total body contamination (mg/8 h) showed similar variation across the body with relative high contribution of the shoulder and wrist skin region and only minor contribution of the ankle and neck/jaw skin region for both production workers and technical engineers. The groin area of the production workers had also a moderate contribution to the total body exposure, which was less pronounced for the technical engineers.
Total CSM mass at the wrist showed a high correlation with total CSM body exposure (r=0.89, PϽ0.01) ( Table 4 ). This relation was found both for 537 Dermal exposure pathways in rubber manufacturing production workers (r=0.87, PϽ0.10) and technical engineers (r=0.95, PϽ0.05). The skin regions shoulder and upper arm were also significantly correlated with total body exposure, respectively r=0.71 (PϽ0.05) and r=0.69 (PϽ0.05). However, correlation coefficients for the two production functions were lower and non-significant. Correlation between contaminant mass at individual sites were overall low except between the shoulder and upper arm (r=0.83, PϽ0.01), between the groin and ankle (0.63, PϽ0.10) and interestingly, the wrist was overall moderate correlated with both upper and lower body areas (range 0.33-0.59) but not with the neck/jaw skin area (r=0.06).
Quantification of exposure pathways (survey 2)
For subjects employed as technical engineer (n=19) no reconstruction of the exposure pathways could be made as the work practice was too diverse to enable identification of relevant contact surfaces. Forty-one observations were omitted from the analysis, because of missing data for one of the compartments. Most (91.5%) of the remaining subjects were employed in either the production function mixing, pre-treating, moulding, curing or finishing.
Results of the correlation analysis between CSM (surface) concentrations in the different compartments are presented in Fig. 2 for each production function and the total workforce. Between the far-and near-field air compartment and surface contamination layer a moderate to good correlation was observed for the total workforce and the production functions mixing, moulding and curing. Pre-treating showed a moderate negative correlation between far-field exposure and the surface contamination layer. No correlation was found between the far-and near-field air compartments and the surface contamination layer for the production function finishing.
Correlation analysis between the skin contaminant layer and air and surface compartments for the total workforce revealed significant but low correlation coefficients. Correlation patterns observed for the three exposure pathways differed among the individual production functions. Mixing and pre-treating showed significant moderate correlation coefficients between the air compartment and skin contaminant layer. However, for pre-treating this relation was only observed between the near-field air compartment and the skin contaminant layer. Curing revealed a moderate significant correlation between the surface contaminant layer and skin contaminant layer. No significant correlation coefficients were found between the compartments for the production functions moulding and finishing.
DISCUSSION
Relevance of dermal exposure in occupational hygiene and health is widely recognised and several techniques for the direct and indirect assessment of dermal contamination have been developed (Fenske, 1993; van Hemmen and Brouwer, 1995) . Furthermore, concepts for deriving quantitative dermal occupational exposure limits have been developed and elaborated for a few chemicals Brouwer et al., 1998) . However, exposure assessment strategies are almost non-existent and in most cases the applied strategies are based on legally required regulatory procedures (OECD, 1997) and not on actual information of the exposure scenario.
In a recently developed conceptual model for dermal exposure, essential variables for dermal and surface contamination were described (Schneider et al., 1999) . Consistent use of such a model ensures that the most relevant variables are taken into consideration in any given situation. Therefore, the model has the potential to be used as a starting point for the development of a sampling strategy. Inherent qualitative and quantitative assessment of dermal exposure pathways could consequently be used to design a more efficient and effective measurement strategy for a specific occupational setting.
Workers in the rubber manufacturing industry are exposed to a wide range of different potentially hazardous chemicals and reaction products that are known to constitute genotoxic activity (Bos et al., 1989; Alink et al., 1998; Fracasso et al., 1999) . It is generally believed that most of the genotoxic activity is attributable to the organic fraction of the complex mixture. Therefore, the use of an organic solvent soluble matter (e.g. benzene soluble matter, cyclohexane soluble matter) is often used as marker for exposure to these complex mixtures (Kromhout et al., 1988) . Since 1987 cyclohexane soluble matter (CSM) has been used in the regulation of dust and fume exposure in rubber factories in the United Kingdom (HSE, 1987) . Consequently, CSM exposure has been used in the rubber manufacturing industry to quantify both inhalable and dermal exposure to rubber dusts and fumes (Kromhout et al., 1994) .
In the first survey, qualitative assessment of the most relevant compartments and mass transport processes in a mixing department of a rubber tyre company showed a clear distinction between covered and uncovered skin areas. For the skin areas covered by clothing, the inner clothing compartment was the only directly important compartment for the skin contamination layer. Whereas for the uncovered skin, both deposition of contaminants and direct contact with surfaces and sources were thought to be of importance for both production workers and technical engineers. During mixing of rubber compounds high dust levels are generated as a result of weighing and emptying bags of chemicals. Furthermore, because of the general low level of automation manual contact with raw chemicals and rubber compounds occurs frequently. These factors have previously been identified as important dermal exposure determinants (Kromhout et al., 1994) and are in concordance with the task observations made with the aid of the conceptual model. However, the task observations did not enable a relative ranking of exposed individuals, as it is was impossible to estimate dermal exposure accurately solely on observed tasks. Therefore, it seems more promising to a priori identify exposureaffecting factors, which can consequently be more objectively assessed.
Spatial distribution of dermal contamination was investigated by means of dermal exposure pad samplers placed on six anatomical regions of the body. An underlying assumption in this assessment is that the exposure is uniformly distributed within the discreet anatomical region. Whether this criterion was met in this particular setting could not be further substantiated, as application of visualisation techniques was not feasible because no fluorescent tracers could be added to the raw materials (Roff, 1997; Fenske and Birnbaum, 1997) . Production workers and technical engineers showed high dermal contamination levels for the upper body areas especially the wrist and shoulder skin region. The uncovered skin area neck/jaw had only a minor contribution to the total body contamination (5.0-6.2%) because of the low CSM surface concentration and the relative small contribution to the total body area (6.8%). In contrast, the uncovered skin area of the wrist was found to be highly exposed. Therefore, direct contact with surfaces and sources is probably the most important exposure pathway assuming a similar effect of deposition to uncovered skin for both the wrist and neck/jaw skin region.
Total body exposure showed high statistically significant correlation coefficients with the upper body skin regions, especially with the wrist. Exposure classification based solely on the dermal exposure surface concentration measured at the lower wrist would therefore not result in a different exposure classification than based on calculated total body exposure utilising all six pad samplers. However, it has been shown that differences in permeability of the skin could exist between anatomical regions (de Cock et al., 1995) . Therefore the above described relation between CSM contamination at the lower wrist and total body contamination does not necessarily have to be relevant for total dermal uptake. Interestingly, the wrist area was the only skin area showing moderate correlation with both the upper-and lower body areas with exception of the jaw/neck area.
In the second survey CSM mass in the far-and near-field air compartment, surface contamination layer and skin contamination layer were assessed in a cross-industry survey in the rubber manufacturing industry. CSM contamination in the clothing compartment was not taken into account, as clothing did normally not cover the lowest part of the wrist and hands. However the use of gloves could have influenced the interrelations between the several compartments and the skin contaminant layer. However, stratified analysis of the correlation patterns by glove use revealed overall comparable results (results not shown).
Correlation patterns between compartments for the total workforce revealed overall moderate correlation coefficients illustrating the importance of both deposition of particles on the skin and transfer of contaminants from surfaces to the skin contamination layer by direct contact. It is noteworthy that the moderate to high correlation between surface contamination and the CSM concentration in the air, indicates the importance of deposition of air contaminants on surfaces at the workplace, which in return could contribute to dermal contamination. Correlation patterns for the major production functions within the industry revealed different underlying exposure pathways. Mass transport of contaminants from the air compartment to the skin contamination layer by deposition was found relevant for the production functions 'mixing' and 'pre-treating'. However, for 'pre-treating' this relation was only found between near-field air exposure and the skin contaminant layer suggesting localised sources of CSM contamination. Transfer of CSM mass from contaminated surfaces to the skin compartment layer was found relevant for the production function 'curing' only. Although, contact transfer was previously identified as the most important exposure pathway in the rubber industry the correlation analyses revealed only low to moderate correlation coefficients. Contaminant mass in the surface contaminant layer was assessed by averaging the CSM contamination levels of relevant contact surfaces for each subject regardless of the frequency and duration of contact with the particular surface. Depending on the number of relevant contact surfaces and variability in duration and frequency of contact considerable exposure misclassification might have occurred obscuring the possible relation between the surface and skin contaminant layer.
The production functions 'moulding' and 'finishing' revealed no specific exposure pathway. Kromhout et al. (1994) identified several exposure affecting factors related to high dermal exposure levels within the rubber manufacturing industry. For the production function mixing the identified factors were predominantly associated with both high dust and dermal exposure levels, supporting the importance of the deposition exposure pathway found in this survey. Identified dermal exposure affecting factors for the production function curing were all related to the handling of warm rubber (Kromhout et al., 1994) confirming the importance of direct transfer of contaminants.
Contribution of mass transport due to splashing, spilling and ejection of particles and contact with contaminated handheld tools could not be adequately evaluated by the used approach. These mass transport processes could however have had a significant contribution to dermal contamination for people working with raw chemicals (mixing), solvents (pre-treating) and handheld tools (Technical engineers).
Application of a structured model to assess dermal exposure was found useful for the identification of relevant compartments and mass transport processes. However, in order to be an effective tool for qualitative assessment of dermal exposure a more objective tool has to be developed which focuses on the exposure affecting factors and not on visual contamination moments.
Identification of spatial distribution of dermal exposure and the relation with calculated total body exposure enabled a more effective and efficient sampling strategy. Hence, in this particular occupational setting the number of pad samplers used per worker could be reduced from six to only one sampler, reducing the total number of pads to be analysed dramatically for a population of 225 workers. Furthermore, identification of the relation between mass in several compartments was found useful in understanding the importance of different exposure pathways for different production functions and facilitates implementation of control measures to minimise dermal exposure levels within the rubber manufacturing industry.
